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Benzene, diphenyl sulfone (DPS), para-hydroxybiphenyl (PPP), ortho-hydroxybiphenyl (OPP),
higher hydroxybiphenyls, and alkylated benzenes were found in a small lake receiving
contaminated groundwater discharge from the Industri-Plex Superfund site (Woburn, MA) in the
Aberjona watershed in eastern Massachusetts. All of these chemicals may derive from the
former phenol manufacturing activities present at the Industri-Plex site during World War I.
Concentrations up to 1660 pg/I benzene, 450 pgA DPS, 230 pgjA PPP, and 100 Pg/A OPP were
detected in the hypolimnion. Epilimnetic concentrations of the chemicals were significantly lower
(normally <5 pgAl). DPS showed a distinct seasonal behavior: It was readily biodegradable during
warm periods. No biodegradation was observed in the winter, leaving export to the Aberjona
River as the major removal mechanism. Although benzene is known to be toxic and a human
carcinogen, our results indicate that DPS, OPP, and PPP are not mutagenic in tests using human
MCL-5 and h1A1v2 cell lines. Environ Health Perspect 106(Suppl 4):1069-1074 (1998).
http.//ehpnetl.niehs.nih.gov/docs/l998/Suppl-4/1069-1074wick/abstract.html
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Introduction
Many hazardous waste sites are located dose the inputs and dynamic behaviors oforganic
to surface water bodies. Discharge of conta- chemicals in the Halls Brook Holding
minated groundwater from these sites, with Area ([HBHA]; Woburn, MA) in year-
subsequent transport ofpotentially toxic round studies.
chemicals to downstream receptors, is there- HBHA is a small lake in the Aberjona
fore likely to occur. Knowledge ofthe envi- watershed in eastern Massachusetts. HBHA
ronmental fates and toxicities of the receives groundwater input from an adjacent
chemicals is crucial to anticipate the impact Superfund site (Industri-Plex). Industri-Plex
ofthese pollutants. In an effort to assess such is a former industrial areawith alonghistory
chemical impacts, we have been examining (1853-1967) ofmanufacturing organic and
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inorganic chemicals (1). The Aberjona
watershed, located in the northern suburbs
of Boston, was once a major center for
leather tanning and chemical manufacture
(2). It contains two Superfund sites and
numerous identified hazardous waste sites.
Several studies on potential health effects in
the watershed have been performed (3-6).
In Woburn, one community of the
Aberjona watershed, a childhood leukemia
rate 4-fold above the national average was
observed between 1966 and 1986 (7). This
fact has been related to the consumption of
contaminated drinking water pumped from
wells G and H within the watershed south
ofthe HBHA (3).
Benzene, diphenyl sulfone (DPS),
p-hydroxybiphenyl (also called p-phenyl-
phenol [PPP]), and o-hydroxybiphenyl
(also called ortho-phenylphenol [OPP]),
among other higher phenols and solvents,
were identified as some of the major
volatile and semivolatile organic com-
pounds in the HBHA (8). All ofthese pol-
lutants may derive from the WW I-era
manufacture process ofphenol on the site
(8). Phenol, the first aromatic chemical
synthesized on a large scale in the United
States (9), was a common disinfectant and
starting material for the synthesis ofdyes
and explosive intermediates (picric acid).
Here we report on the occurrence ofthese
waste products ofthe manufacture ofphe-
nol and their distribution in an adjacent
lake (the HBHA) receiving groundwater
discharge from the former manufacturing
site. The importance of recognizing the
seasonally changing fate ofa pollutant, and
the consequences for temporally varying
transport to downstream receptors, is
exemplified in this paperwith DPS.
Many studies on the toxicity and
mutagenicity of benzene (10) and OPP
have been conducted (11). Whereas ben-
zene is toxic and a known human carcino-
gen (10), OPP is of low toxicity and
experimental data are inadequate to evalu-
ate OPP as a mutagen (11,12). Only a few
studies on the toxicity ofDPS and PPP are
known (13,14). DPS and PPP have low
toxicity for rats or mice (13). In 1991 the
U.S. Environmental Protection Agency rec-
ommended further study ofthe toxicologic
effects of sulfones (15). PPP and OPP,
among other hydroxy biphenyls, are known
estrogenic compounds (endocrine disrup-
tors) (16,17). No data on the mutagenicity
ofDPS, and only data about OPP and PPP
based on studies involving bacteria and/or
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nonhuman mammalian (rodent) bioassays,
are reported in literature (11,13). To
screen for these chemicals' toxicities and
mutagenic activities, DPS, OPP, and PPP
were tested in a human cell mutation
assay (15,16). Briefly, this assay involves
the use of B-lymphoblast cell lines
(18,19). The hlA1v2 cells constitutively
express the cytochrome P4501AI, which
is necessary for the metabolism of many
promutagens. The MCL-5 cell line, how-
ever, has been modified to express a com-
plement of five human cytochrome P450
oxygenases (CYPlAl, CYP1A2, CYP2A6,
CYP2E1, CYP3A4) and microsomal
epoxide hydrolase. By combining this
group ofenzymes in the human cell cul-
ture used for chemical screening, the like-
lihood of recognizing the mutagenicities
of particular test compounds requiring
activation before acting as mutagens
is enhanced.
Materials and Methods
SiteDescription
The HBHA is a small, shallow, 0.17-kM2,
40,000-m3 lake in the Aberjona watershed
located immediately to the south of
Industri-Plex (Figure 1). This lake receives
groundwater, about 100 m3/day (8), from
the nearby Industri-Plex Superfund site.
The surface water receives inflow from
Figure 1. Map of the Halls Brook Holding Area in
Woburn, MA and parts of the Industri-Plex Superfund
site. Locations of the distillation of benzene and the
manufacture of phenol and explosives during World
War 1(10) are also shown.
Halls Brook, and the outflow empties into
an elongated marsh and from there into
the Aberjona River. Surface water samples
ofthe Aberjona River were taken on four
different days (20 January, 9 February, 29
February, 16 March) during the winter of
1996 about 2.2 km downstream of the
outflow ofthe HBHA at the Salem Street
Bridge inWoburn.
SamplingandAnalysis
Detailed descriptions ofmostofthemethods
are given by Wick and Gschwend (8).
Briefly, lake data and water samples were
taken monthlyyear-round. The deep-water
samples were pumped at the deepest point
of the lake (Figure 1, station A) from
approximately 20 cm above the sediment,
and surface water samples were taken from
about 5 to 10 cm below the water surface.
These samples were then extracted with
dichloromethane (DCM) and analyzed
with gas chromatography (GC) using d14-
p-terphenyl and/orp-chlorodiphenylsul-
fone as spiking standards. The unknown
compounds were identified by comparisons
to GC retention times and mass spectra we
obtained for authentic standards. For the
analysis ofvolatile organic compounds
(VOCs), samples were concentrated with a
Tekmar LSC2000 purge and trap concen-
trator using a Tenax/silica gel/charcoal
trap. A Carlo Erba HRGC (high resolution
gas chromatograph) 5160 (Carlo Erba,
Milan, Italy) equipped with a 75-m, 1-pm
film thickness, DB5 capillary column (5%
phenylmethylpolysiloxane; J&WScientific,
Folsom, CA) was used. 1,4-Bromofluoro-
benzene was used in all VOC analyses as
an internal standard. Benzene was identi-
fied by GC retention times and GC-mass
spectroscopy (Hewlett-Packard 5995B;
Hewlett-Packard, Palo Alto, CA). Toluene,
ethylbenzene, and the xylenes were iden-
tified by coelution and comparison of
retention times on GC.
Biodegradation experiments were per-
formed with oxic surface water at all sea-
sons (8). Summer (6 August 1995; water
temperature [T] =23°C) and spring (28
April 1996; water T= 13°C) water samples
were spiked with about 5 to 10 pg/l DPS
using a minimal volume of DCM as sol-
vent. For the measurements in the fall (24
October 1995; water T= 14°C) and winter
(29 February 1996; water T= 5.5°C), no
spikes were added. A biodegradation
experiment with anoxic (oxygen content
< 60 ppb) hypolimnetic water (water
T= 12°C) was performed on 24 November
1995 (8).
MutagenicityTests
DPS, OPP, and PPP were tested for their
mutagenic activity at the thymidine kinase
(tk) locus in MCL-5 and hlAlv2 cell lines
derived from human B-lymphoblastoid cells
as described by others (20). All testing was
performed by Gentest Corporation
(Woburn, MA). The individual compounds
dissolved in dimethyl sulfoxide were tested
with about 1.8 x 1.06 cells/12 ml replicate
culture with an exposure time of72 hr. The
test concentrations used were 0.01, 0.1, 1.0,
and 10 pg/ml for the hydroxybiphenyls
(OPP, PPP) and 0.1, 1.0, and 10 pg/il for
DPS (i.e., at chemical activities near 1i05 or
less.) We note that the activities of the
chemicals in the waters flowing south out of
the HBHA were typically 10-5 or less
(defined as the ratio of a compound's con-
centration in the water to its subcooled liq-
uid solubility). The mean mutant fraction
ofeach test was compared to the concurrent
(Dunnett's ttest, p=0.05) and historical
negative control observations. Toxicity (sur-
vival rates) was determined as the ratio of
surviving treated cells to surviving negative
control cells measured from the beginning
oftreatment until plating.
Results and Discussion
ProductionofPhenol
ontheIndustri-PlexSite
During World War I, large amounts of
benzene (21), phenol (8,22,23), and
explosives (2,4,6-trinitrophenol [picric
acid], 2,4,6-trinitrotoluene) were produced
(22,24) on the Industri-Plex site by the
New England Manufacturing Company
(Woburn, MA) (22). No actual phenol
production data of the New England
Manufacturing Company are available.
Estimates based on U.S. phenol produc-
tion data, however, suggest that between
1915 and 1918 about 2 to 5% of the
national phenol production, amounting to
5000 to 12,000 metric tons (t), was manu-
factured on the site. This would have
resulted in the use of at least 8000 to
21,000 t crude benzene, assuming an over-
all yield ofthe phenol manufacture of60
to 65% (8). Approximately 100 to 300 t
DPS and 80 to 210 t hydroxybiphenyls
(OPP, PPP) were likely produced during
these processes (8).
By-Products oftheManu&te
Process toPhenolandPicricAcid
Starting from crude benzene, the manu-
facture ofphenol (sulfonic acid route) was
a multistep process. Crude benzene was
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recovered from coke oven gas (light oil).
The refining process ofcrude benzene nor-
mally consisted oftwo distinct operations:
treatment of the crude benzene with con-
centrated (93%) sulfuric acid and frac-
tional distillation ofthe acid-treated crude
(25). Toluene, ethylbenzene, and xylenes
are common contaminants in crude ben-
zene and by-products of the refining
process (26). Benzene was then converted
to benzenesulfonic acid, which was treated
with NaOH to give crude phenol (Figure
2). Crude phenol was purified by distil-
lation. DPS is a by-product of the sul-
fonation; OPP and PPP, among other
hydroxybiphenyls (e.g., meta-phenylphe-
nol [MPP] and 2,2'-dihydroxybiphenyl
[DHBP]) are side products ofthe conver-
sion ofthe benzenesulfonic acid to phenol
with caustic soda (8). High loads ofinor-
ganic salts (Na2SO3 and Na2SO4) are also
to be expected using this process (27).
The hypolimnetic water had Na+ and
S042- as the major ionic species with typi-
cal concentrations of approximately 17
and 11 mM.
Asignificant fraction ofthe phenol pro-
duced by the New England Manufacturing
Company was used in the manufacture of
explosives on the site. Phenol was con-
verted to picric acid through sulfonation
and subsequent nitration of the disul-
fonated phenol (Figure 2) (28). As in the
production of phenol, other and still
unidentified by-products can be expected
from the manufacture ofexplosives on the
site because recoveries of the war-driven
manufacture of picric acid normally did
not exceed 80% (28).
PresenceandDistribution ofBTEX,
DPS, OPP, andPPP inthe HBHA
Benzene, toluene, ethylbenzene, and
xylenes (BTEX), DPS, OPP, and PPP
enter the HBHA with the groundwater.
The concentrations ofBTEX, DPS, OPP,
and PPP in the surface water inflow (Halls
Brook) were consistently below 1 jig/1 or
were not detectable (detection limit <0.1
pg/l). Because of the high salinity of the
groundwater discharge, the HBHA was
stratified year-round, with typical values of
about 2500 pmho/cm in the hypolimnion
and about 400 gumho/cm in the epil-
imnion (Figure 3). A sharp separation into
an oxic epilimnion and an anoxic
hypolimnion was usually observed.
Concentrations ofBTEX, DPS, OPP, and
PPP were therefore always considerably
higher in the hypolimnion than in epil-
imnion. The chemicals' profiles normally
Crude benzene
Acid-wash
distillation
Benzene
H2S04 -
SO3H
NaOH |
OH
Phenol
H2S04
OH
SO3H
SO3H
HNO3 -
CH3 CH2CH3 CH3 CH
I~~~~~~~~~~~~
Benzene Toluene Ethylbenzene
(1600pig/l) (369g/l) (8jig/I)
Xylenes
(17jig/I)
0
DPS (450jig/I)
-H OH
PPP(260jig/I)
OH
MPP (60 gg/lI)
HO
OPP (100 g/)
HO
OH
DHBP (209g/I)
AN02
NO2
Picric acid
Figure 2. Identified by-products(benzene, toluene, ethylbenzene, and xylenes, DPS, OPP, PPP, MPP, and DHBP)ofthe
sulfonic acid method manufacturing pathway to phenol and its conversion to picric acid in the Halls Brook Holding
Area. Values in parentheses arethe chemicals' highest concentrationsfound inthe hypolimnion. Question marks indi-
catethatavarietyofstill-unidentified sideproducts ofthe manufacture ofpicricacid can beexpected.
followed the conductivity profiles, with
mixing processes responsible for the chem-
icals' input into the epilimnion. An unex-
plained increase ofthe DPS concentration
at the pycnocline was sometimes observed
in the summer (Figure 3). This may be
due to an isopycnal mixing ofgroundwa-
ter seepage ofhigh DPS concentration but
lower salinity. In the hypolimnion, con-
centrations of 80 to 450 pg/I DPS, <0.1
to 60 pg/l OPP, 50 to 260 jig/1 PPP, and
up to 1600 pg/i benzene were seen. With
an assumed average input of approxi-
mately 100 m3 groundwater/day (with
average concentrations ofabout 750, 350,
45, and 200 pg/l for benzene, DPS, OPP,
and PPP, respectively) approximately 27
kg/year benzene, 13 kg/year DPS, and 10
kg/year for the two hydroxybiphenyls are
discharged to the lake. DPS values ranged
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Figure 3. (A) Temperature, (B) conductivity, (C) dissolved oxygen, and (D) diphenyl sulfone profileE
1996 atstation A,the deepest pointofthe Halls Brook Holding Area.
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from 0.1 to 13 pg/i for the epilimnion.
OPP and PPP concentrations in the epil-
imnion were always low (<3 pg/i).
Benzene concentrations were normally in
the range of<0.1 to 5 pg/i.
SignificanceoftheChemodynamic
BehaviorofDiphenylSuifone
, Significant seasonal variations of DPS
concentrations were observed; highest con-
centrations in the epilimnion were typically
found in the winter, whereas highest con-
2500 3000 centrations in the hypolimnion were found
in the summer. DPS is readily water solu-
ble (aqueous solubility s, at 20°C=2x 10-3
M) and has low tendency to move to the
atmosphere (air-water partition coeffi-
cient= 8.8xI0-8 mol/l air per mol/l
water). No significant photochemical or
chemical degradation was observed under
near-surface conditions [<0.01 d-1 (8)].
DPS is also stable under anaerobic condi-
tions in the hypolimnion (Figure 4), but it
is eliminated in the epilimnion through
flushing and aerobic biodegradation
processes. No biodegradation (<0.01 d-1)
250 300 was observed during the winter (Figure 4).
In the other seasons, especially in the sum-
mer, biodegradation was the major sink for
s on 25 July DPS, with a rate constant ofapproximately
2.5 d-1. Lagperiods were apparent in some
C
15-, Watertemperature = 5.50C
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Figure 4. Biodegradation for diphenyl sufone in Halls Brook Holding Area epilimnic water for (A) 24 October 1995 (fall), (8) 29 February 1996 (winter), (C) 28 April 1996
(spring), and (D)6August 1996(summer)conditions. (E) Absence ofdegradation in anoxic HBHA hypolimnic water collected 8 November 1995 (fall).
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biodegradation experiments (Figure 4);
note that the rates mentioned here derive
from first-order fits ofall ofthe data, irre-
spective of possible lag periods. The lag
periods may be due to the spiking of the
samples. Rate constants for spring and fall
are both approximately 0.5 d-1. Losses in
the poisoned control solutions were always
negligible (< 10%).
DPS therefore showed conservative
behavior in the winter, leaving flushing as
the major removal mechanism with out-
flow concentrations up to 13 pg/l. In the
summer, biodegradation was the predomi-
nant sink of DPS from the epilimnion of
the HBHA. Only low DPS concentrations
(< 1 pg/I) were observed during the sum-
mer, and flushing was much less important
than in the cold seasons ofthe year. For
example, measurements ofDPS concentra-
tions during the winter at about 2 km
downstream in the Aberjona River (Salem
A
10 - 105
-o-,------- -o - 100
8-
- 95
6 - 90
4 - 80
2
- 075
0 70
0 2 4 6 8 10
Exposure concentration, jg/mi
Street Bridge) showed a persistent presence
of DPS during the cold season. Smaller
concentrations at the downstream location
are due, at least in part, to dilution effects
because of the confluence of the outflow
waterwith theAberjona River (Table 1).
MutagenicityTesting
The mutagenicities ofDPS, PPP, and OPP
were tested at the tk locus in human MCL-
5 and hlA2v2 cell assays. There was no
evidence of a mutagenic effect of DPS,
OPP, and PPP at the tk locus in either cell
line under the conditions of the assay
(Figures 5 and 6). In either comparison to
the historical negative controls or in
comparison to the concurrent negative
controls, no response ofcultures exposed
to any test concentration was significantly
different. Additionally, all three chemicals
were essentially nontoxic to the cells at the
concentrations tested (Figures 5 and 6).
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The relative survival rate in both cell lines
was in the range of 0.90 to 0.94 for all
chemicals at the highest concentration (10
pg/ml) tested.
We note, however, that these mutageni-
cityscreening tests do notpreclude the possi-
bility that the compounds studied exhibit
other modes of toxicity (e.g., endocrine
disruption). Further, we have not evaluated
the prospects for toxicity to other organisms
Table 1. Diphenyl sulfone concentrations (pg/1) at the
outflow of Halls Brook Holding Area and at a down-
stream location in the Aberjona River (Salem Street
Bridge) during winter 1996.
DPS, pg/I
20 9 29 16
Location January February February March
HBHA 9.5 5 9 8
Aberjona
River 8 2 2.5 4
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Figure 5. Toxicity (right y-axis) and mutagenicity (left y-axis) in hlAlv2 cells induced by a 72-hr exposure to (A) DPS, (B) PPP, and (C) OPP at different concentrations. The
horizontal dashed line indicates the 99% upper confidence limitforthe historical negative control and the error bars representthe mean±standard deviation.
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Figure 6. Toxicity (right y-axis) and mutagenicity (left y-axis) in MCL-5 cells induced by a 72-hr exposure to (A) DPS, (8) PPP, and (C) OPP at different concentrations. The
horizontal dashed line indicates the 99% upper confidence limitforthe historical negative control and the error bars representthe mean±standard deviation.
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present downstream in the Aberjona River
watershed. Finally, our observations of
benzene, a known toxic substance, demon-
strate that at least some downstream deliv-
ery ofone hazardous substance occurs from
a subsurface waste site via groundwater
exfiltration andsurfacewaterflow.
Conclusions
Diphenyl sulfone is most likely stable
under anoxic conditions, but it is readily
biodegradable under oxic, and especially
warm, water temperatures. No biodegrada-
tion was observed in the winter, which
identified flushing as the major removal
mechanism. Because of the year-round
stratification, the hypolimnion ofHBHA
acts as a reservoir of the contaminated
groundwater inflow from Industri-Plex.
This deep water may be episodically
flushed by major storm events (which we
did not monitor), resulting in pulses of
contamination into the overlaying epi-
limnion with a subsequent downstream
transport. Given the observation that cold
water temperatures minimize biodegra-
dation rates, as shown for DPS, such
downstream transport may be especially
important in the cold season. Such winter-
time enhancement of the downstream
delivery ofnormally biodegradable organic
compounds may be common.
The presence ofbenzene, DPS, OPP,
PPP, and other possible by-products gives
clear evidence of a continued leaching of
chemicals from an industrial site even 80
years after the operations (production of
phenol) were stopped. Because ofthe high
amounts of organic waste expected to be
present at the site, at the current dis-
charges to HBHA, a release of these and
other unidentified side products could
continue for a long time. Even if DPS,
OPP, and PPP are nontoxic and nonmuta-
genic in our tests, the production ofexplo-
sives suggests that a variety of other still
unidentified and potentially toxic com-
pounds (e.g., side products of the manu-
facture ofexplosives and their degradation
products) may be flushed out of the
HBHA to downstream receptors.
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